The sliding singlet mechanism is one of the most interesting solutions of the triplet-doublet splitting problem. We analyze this mechanism in the gauge mediated supersymmetry breaking scenario. We show that the sliding singlet mechanism does not work in the naive gauge mediation scenario because of the singlet linear terms derived from the gravity, although F term is much smaller than the one in the gravity mediation scenario. We also consider the extension in order for the sliding singlet mechanism to work.
Introduction
The supersymmetric theories now stand as the most promising candidates beyond the standard model. The minimal supersymmetric extension of the standard model naturally solves the gauge hierarchy problem and makes three gauge couplings unify at the scale of O(10 16 ) GeV. Therefore, it suggests us the idea of the grand unified theory (GUT). However, if we consider the GUT, a new fine-tuning problem, which is so-called triplet-doublet splitting problem, appears. It is that the colored triplet Higgs must be superheavy to avoid the rapid proton decay, while the doublet Higgs must have the mass of weak scale. Several ideas to solve this serious problem have been proposed. These are, for examples, the sliding singlet mechanism [1, 2] , the missing partner mechanism [3] , the Dimopoulos-Wilczek mechanism [4] , the GIFT mechanism [5] , and so on. The sliding singlet mechanism is the simplest one in which triplet-doublet splitting is realized dynamically. When the singlet shifts to the potential minimum, the triplet-doublet splitting is realized automatically. The linear term of the singlet can produce the suitable hierarchy between the weak and the GUT scale in the supersymmetric limit [2] . Since the electro-weak symmetry breaking occurs at the tree level, this model is not so-called radiative electro-weak symmetry breaking scenario [6] .
How does the situation change when supersymmetry breaking is switched on? If the supersymmetry breaking occurs at the high energy, such as in the gravity mediation scenario, the radiative corrections of Kähler potential induce the doublet Higgs scalar mass, which is so-called B term, of O( F M GU T /M P ). It destroys the Higgs mass hierarchy [7] . One approach to avoid this difficulty is to extend the gauge symmetry from SU (5) to SU(6) [8] . Another approach is to consider the low energy supersymmetry breaking [2, 9] . The authors of Ref. [10, 11] predicted that the sliding singlet mechanism may work in the gauge mediation scenario. In this paper we analyze whether the sliding singlet mechanism can really work in the gauge mediation scenario or not.
Through the Kähler potential, the supersymmetry breaking effects induce the singlet linear terms both in the superpotential and in the soft supersymmetry breaking interactions [12] . We show that the sliding singlet mechanism does not work in the naive gauge mediation scenario because of these singlet linear terms, although F term is much smaller than the one in the gravity mediation scenario. In order for the sliding singlet mechanism to work, additional extensions are needed. One of the considerable extension is the introduction of the additional strong gauge dynamics as will be shown later. Even if we introduce these extensions, we also need one more additional mechanism that induces the sliding singlet soft breaking mass of the order of soft breaking masses of Higgs for the electro-weak vacuum stability. This paper is organized as follows: In section 2, we will review the sliding singlet mechanism at first. Next we estimate the linear terms of the singlet, which are induced by the gravitational interactions. Section 3 is devoted to the analysis of the Higgs potential both at the GUT scale and at the messenger scale. In section 4 we give summary and discussions.
The Sliding Singlet Mechanism
In this section, we review the sliding singlet mechanism [1, 2] and present our framework.
In GUT, we have to introduce colored Higgs triplets, H C andH C , to embed the Higgs doublets in SU(5) fundamental representations, H = (H C , H u ) andH = (H C , εH T d ). However, the colored Higgs cannot be light because we do not want to have a too fast proton decay or to spoil the successful unification of gauge couplings. Thus, we need to split the Higgs doublets and triplets. There are various attempts to solve the splitting problem [1, 2, 3, 4, 5] . The sliding singlet mechanism is one of the attempts.
One considers a superpotential for the Higgs fields and an adjoint field Σ as the following form,
The adjoint field Σ breaks SU(5) down to SU(3) × SU(2) × U(1). We choose the desired vacuum state,
2)
Here σ has a value of the order of GUT scale. To split the doublets and triplets, we have to tune the mass parameter m H to be
This fine-tuning is an unattractive feature of the minimal SU(5) GUT. To avoid this fine-tuning, it was suggested that one replaces the mass parameter by a singlet S [1] ,
The vacuum expectation value of the singlet will slide to a GUT scale, because of the F -flat conditions,
A question arises whether this device is stable [2, 7] . It is necessary that H andH have non-zero vacuum expectation values at the GUT scale for successful sliding. We know that the doublet Higgs will have vacuum expectation values at the weak scale, for example, via a radiative electro-weak symmetry breaking scenario [6] . However, one cannot assure that the doublet Higgs have the vacuum expectation values of weak scale in the context of the sliding singlet mechanism [2] . Nemeschansky [2] argued the models which have a linear term of the sliding singlet in the superpotential (2.4) ,
(2.7)
Then we obtain supersymmetric vacuum as follows,
The colored Higgs mass is 10) and doublet Higgs mass is just equal to zero.
In general, however, quadratically divergent tadpole terms associated with singlets will arise in softly broken supersymmetric theory [12] , even if the Kähler potential is minimal. The tadpole terms arise due to supergravity corrections from operators suppressed by Planck mass. The ℓ-loop induced tadpole term is written as the following form, typically, [12] 
where N is the number of light chiral superfields that appear in the loops and Λ is the cutoff for the quadratic divergence. We make the reasonable assumption that Λ ∼ M P . The sliding singlet communicates to the supersymmetry breaking sector due to the superspace density, e K/M 2 P . The superspace density has the expansion, 12) where K i is the derivative of the Kähler potential with respect to a supersymmetry breaking spurious superfield X i , which has vacuum expectation value in scalar and F component,
We omit the angles as long as we misunderstand. The Lagrangian (2.11) is then
This tadpole term can spoil the weak scale hierarchy [7, 11] . In gravity mediated supersymmetry breaking, we should choose the F component of the spurious fields to be F X = M W M P to obtain the gravitino mass of the order of weak scale M W . Therefore the coefficient of the sliding singlet in the equation (2.14) 
This is too larger than weak scale, thus the sliding singlet mechanism is not stable in gravity mediation model. On the other hand, in the gauge mediation model we can choose the value of F X to be much smaller than gravity mediation model, because the parameter of the messenger sector is given by only the ratio B = F X /X, which is 10 4 − 10 5 GeV. Thus, the sliding singlet mechanism may work in the gauge mediation model [2, 11] . It is worth studying the sliding singlet mechanism in the context of gauge mediation model in detail.
Feasibility of the Sliding Singlet Mechanism with Gauge Mediation
In this section, we study the feasibility of implementing the gauge mediated supersymmetry breaking scenario in the framework of the sliding singlet mechanism.
We perform the minimization analysis above the messenger scale in Wilsonian scheme. Thus, the supersymmetry breaking parameters coming from the messenger loops are highly suppressed, and are neglected in the analysis. However, supergravity induced breaking parameters will appear. The scalar potential is then written as
In the scalar potential, the first term represents the supergravity induced breaking mass term for the scalar fields φ i = {S, H,H}, which are relevant in this analysis. The breaking masses m 2 i are nearly equal to the gravitino mass, which is equal to F X / √ 3M P . The final terms are scalar trilinear terms and bilinear terms which for simplicity we ignore hereafter; they do not change our results substantially. Reading out from Eq. (2.14), we find *
and
where we define the parameter B as B = F X /X.
The linear term in the scalar potential slides the vacuum expectation values of sliding singlet and induces the so-called µ term, which is doublet Higgs mass parameter in the superpotential. Denoting the vacuum expectation values of the Higgs fields in the same way as the Eqs. (2.9), we obtain the scalar potential as
. (3.4) * The renormalization group flow will modify these relations between Eq. (3.2) and (3.3) . We neglect the modification here.
The extremization conditions are
Note that it is necessary for successful sliding that the Higgs fields have non-zero vacuum expectation values. We obtain the µ parameter as
Substituting it into the equation such that inside the parentheses in Eq. (3.6) vanishes, we obtain the following cubic equation with respect to v 2 ,
This equation yields a minimization solution for v = 0 only when the following condition is satisfied 
This means that the gravitino mass is larger than 1 MeV and that the vacuum expectation value of Higgs field is larger than 10 TeV. If it is not satisfied that the gravitino mass is larger than 1 MeV, the sliding mechanism does not work. Then the doublet Higgs get the GUT scale mass and are integrated out.
It is disastrous that the vacuum expectation value of Higgs is larger than 10 TeV. One may consider that the vacuum expectation value will be modified at lower energy. However, the consequence will not change drastically. The running † The extremization condition has another solution, but the solution is on the saddle point. of the parameter L will be negligibly small ‡ . As another origin, a non-gravitational tadpole term arises with three-loops in which colored Higgs circulates. We estimate the contribution as
However it is unnatural that this operator just cancels out the parameter L coming from the gravitational contribution.
Below the messenger scale, additional supersymmetry breaking terms will arise due to the messenger loops, but they are less than the order of 100 GeV and are negligible compared to 10 TeV. The mass of the sliding singlet is of the order of vacuum expectation value of Higgs field. Thus the sliding singlet survives to lower energy. After GUT particles decouple, the superpotential can be written as § (3.14) whereS = S − S . The supersymmetry breaking terms are following,
We denote the vacuum expectation values of the Higgs doublets by v d and v u , and the value of the singletS by x. As a function of these vacuum expectation values, the scalar potential has the form
The extremization conditions can be written as follows, 12) where µ r is a renormalization scale. § Note that we should consider the constant term, W ∼ −L S , in the framework of supergravity. One need the another sector to wipe out the cosmological constant.
where tan β is defined as tan β = v u /v d . Note that the value of µ is redefined as
Eqs. (3.18) and (3.19) lead to a cubic equation with respect to v 2 , similarly to Eq. (3.8) . The equation is (3.20) where we neglect A λ , B µ and m 2 S , which are about 1 GeV in gauge mediation model. The vacuum expectation value of Higgs field lies down like
thus the value v is larger than 10 TeV as a result.
We attempt to modify the sliding singlet model to make it phenomenologically viable. We argue two possibilities to modify the consequences (3.11) .
One of the possibilities is to make another spurious field Z for supersymmetry breaking. The largest vacuum expectation value of F terms mainly gives the parameter ρ, and similarly the largest value of XF X gives the parameter L. We suppose that the field Z gives the largest values for the components, Z and ZF Z ; namely Z dominates the parameter ρ and L. The ratio B = F Z /Z for just the field Z does not necessarily dominate the supersymmetry breaking masses. The reason is that the supersymmetry breaking masses, which must be of the order of 10 2 GeV, are given by the largest ratio B = F X /X of the fields coupling with messenger quarks directly. In other words, the bound that the ratio B has to be 10 4 − 10 5 GeV is not applied to the field Z in the case where the field Z does not couple with messenger quarks directly or in the case where such fields exist that have larger ratio B than Z has. Therefore, if it is satisfied that ZF Z > XF X , F Z > F X and F Z Z < 100 GeV, (3.22) it is possible that Higgs has an vacuum expectation value less than 100 GeV. Such a situation is realized, for example, in the models in which the supersymmetry breaking sector and the messenger sector are separated.
Another possibility is to make an additional linear term in the superpotential. The linear term can arise dynamically in N c = N f Supersymmetric QCD, (3.23) whereμ is a Lagrange multiplier. Integrating out the meson field M, we obtain the linear term of S,
If it is satisfied that √ L < Λ < 100 GeV, (3.25) it is possible that Higgs has an vacuum expectation value less than 100 GeV. In this case, the gravitino mass has to be less than 10 keV.
In such two possibilities, however, it is difficult to construct the phenomenologically viable model. Eq. (3.17) states that it is necessary that the cancellation between µ ′ 2 and m 2
Hu for phenomenological constraints. In the gauge mediation model, supersymmetry breaking scalar mass squared is proportional to (α i /4π) 2 B 2 at the messenger scale [9] . If one imposes that right-handed scalar electron mass is larger than 80 GeV, the parameter B has to be larger than 39 TeV. Such a large B makes scalar top mass larger than about 430 GeV. Furthermore, this large scalar top mass drives m 2
Hu lower than about −(260 GeV) 2 through renormalization group equations [13] . In order to yield Z boson mass,ḡ 2 v 2 /2, to be 91 GeV, the µ ′ parameter should be larger than 250 GeV. The extremization solution that satisfies M 2 Z ≪ µ ′ 2 is not on the minimum point but on the saddle point. Neglecting A λ and B µ , we obtain the scalar mass-squared matrix M 2 ,
The expression inside the second square brackets is positive providedḡ 2 v 2 , λ 2 v 2 ≪ µ ′ 2 and |m 2 Hu |. Thus, the phenomenologically viable solution can not lie on the minimum point unless the supersymmetry breaking squared mass of the singlet, m 2 S , is lager than at least the order of µ ′ 2 . However, the gauge mediation model does not make such a large breaking mass of the gauge singlet. We need some extra mechanism for making such a large m 2 S . Though we find such a mechanism to obtain the phenomenologically viable solution, we need fine-tuning between m 2 S and ρ. In the case that m 2 S is large, we study the cubic equation for v 2 to find what fine-tuned parameters are needed from Eqs. (3.17) and (3.19) . Neglecting A λ and B µ , we obtain
(3.28) where we define a dimensionless variable X ≡ḡ 2 v 2 /(4M 2 ). The phenomenologically viable solution is X < (91 GeV) 2 2 × (260 GeV) 2 ∼ 0.06. (3.29) We need a fine-tuned parameter such as m 2 S ∼ λρ/M for such a small X solution, even if we find an extra mechanism for making large m 2 S .
Conclusion
The GUT with supersymmetry is the most reliable candidate beyond the standard model. It is consistent with today's experiments of gauge coupling unification. However, it has a serious fine-tuning problem, which is so-called triplet-doublet splitting problem. The colored triplet Higgs must be superheavy to avoid the rapid proton decay, while the doublet Higgs must have the mass of weak scale. So-called sliding singlet mechanism is the interesting idea to solve this problem. This mechanism contains a massless singlet field, whose shift to the potential minimum realizes the triplet-doublet splitting.
In this paper we analyze the sliding singlet mechanism in the gauge mediation scenario. The supersymmetry breaking effects induce the singlet linear terms both in the superpotential and in the soft supersymmetry breaking interactions. We show that these terms change the potential minimum drastically, which cause the weak scale to be of O(10) TeV. We analyze the minimal effects derived from the supersymmetry breaking in the messenger sector, which always exist in all messenger models. Our analysis is applied to all gauge mediation models. Therefore, the sliding singlet mechanism can not work in the gauge mediation scenario unless the model is extended. For example, we consider the situation that there is another singlet Z in the dynamical supersymmetry breaking sector which satisfies ZF Z > XF X , F Z > F X and F Z /Z < O(10 2 ) GeV. We also avoid the difficulty by introducing the additional gauge group whose non-perturbative effects induce the linear term in the superpotential but do not induce soft breaking linear term. However, even if we extend the model, we also need one more additional mechanism that induces such a sliding singlet soft breaking mass as m 2 S ∼ O(µ 2 ). Moreover, this m 2 S must be fine-tuned as m 2 S ∼ λρ/M to obtain the correct weak scale. This corresponds to fine-tuning between the µ term and soft masses of Higgs scalars. However, this finetuning is not special to our model, but appears even in the minimal supersymmetric standard model [13] .
